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A mechanism-based progressive failure analyses (PFA) approach is developed for ﬁber reinforced composite laminates.
Each ply of the laminate is modeled as a nonlinear elastic degrading lamina in a state of plane stress according to Schapery
theory (ST). In this theory, each lamina degrades as characterized through laboratory scale experiments. In the ﬁber direc-
tion, elastic behavior prevails, however, in the present work, the phenomenon of ﬁber microbuckling, which is responsible
for the sudden degradation of the axial lamina properties under compression, is explicitly accounted for by allowing the
ﬁber rotation at a material point to be a variable in the problem. The latter is motivated by experimental and numerical
simulations that show that local ﬁber rotations in conjunction with a continuously degrading matrix are responsible for the
onset of ﬁber microbuckling leading to kink banding. These features are built into a user deﬁned material subroutine that is
implemented through the commercial ﬁnite element (FE) software ABAQUS in conjunction with classical lamination the-
ory (CLT) that considers a laminate as a collection of perfectly bonded lamina (Herakovich, C.T., 1998. Mechanics of
Fibrous Composites. Wiley, New York). The present model, thus, disbands the notion of a ﬁxed compressive strength,
and instead uses the mechanics of the failure process to provide the in situ compression strength of a material point in
a lamina, the latter being dictated strongly by the current local stress state, the current state of the lamina transverse mate-
rial properties and the local ﬁber rotation. The inputs to the present work are laboratory scale, coupon level test data that
provide information on the lamina transverse property degradation (i.e. appropriate, measured, strain–stress relations of
the lamina transverse properties), the elastic lamina orthotropic properties, the ultimate tensile strength of the lamina in
the ﬁber direction, the stacking sequence of the laminate and the geometry of the structural panel. The validity of the
approach advocated is demonstrated through numerical simulations of the response of two composite structural panels
that are loaded to complete failure. A ﬂat, 24-ply unstiﬀened panel with a cutout subjected to in-plane shear loading,
and a double notched 70-ply unstiﬀened stitched panel subjected to axial compression are selected for study. The predic-
tions of the simulations are compared against experimental data. Good agreement between the present PFA and the exper-
imental data are reported.
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Development of computational methodologies for the prediction of damage accumulation and growth in
continuous ﬁber composite laminates is presently an active area of research. A large body of literature devoted
to progressive failure analysis (PFA) of composite laminated structures is now present. Many of the PFA
schemes introduced and available today have relied on the phenomenological approach of deﬁning strength
criteria for a single lamina when subjected to diﬀerent single component stress states. These methods deﬁne
the onset of failure through speciﬁc indices that are expressed as functions of the current stress state. When
any of these indices exceeds a predeﬁned critical value, the material at that point is said to have failed (Hashin,
1980; Chang and Lessard, 1991). When a material point has failed, for subsequent loading, it is assumed to have
a reduced stiﬀness that is predetermined in an empirical manner. Depending on the type of failure (for instance,
ﬁber breaking and/or matrix cracking due to tension along the ﬁbers, ﬁber kink-banding due to compression
along the ﬁbers, ﬁber/matrix debonding due to in-plane shear), diﬀerent elastic moduli are set to zero. In addi-
tion, linear elastic material behavior is assumed throughout the analysis. In a laminated composite plate, the
stiﬀness at a material point is determined by the current local stress state and the local ‘state’ of the material.
This is because the local stress state, in general, is multi-axial and a material point at the current state may have
accumulated damage, dictated by the loading history. Thus, ‘strength’ at a material point is inﬂuenced to a
great extent by the current stress and strain state and is predicated on the mechanism of failure. Schemes that
abruptly change material properties and rely on a linear elastic analysis may be unable to realistically account
for features associated with the mechanisms of failure. Recently, an improved PFA scheme that still relies on
strength indices but indirectly accounts for ﬁber misalignment has been introduced in Pinho et al. (2005). This
PFA methodology is an improvement over the previous LaC02 criteria developed by Da´vila et al. (2003). For
progressive failure modeling, a framework that accounts for the continued degradation of the material is
needed. Schapery (1990) introduced a thermodynamically based theory (referred to as ST) that uses internal
state variables (ISVs) to analyze damage evolution in composite laminates. These ISVs are related to mechan-
ical aspects of damage mechanisms. The ISVs are related to the energy required for the evolution of the dam-
aged states. Diﬀerent damage mechanisms can have distinct ISVs to track the damage evolution. For instance,
matrix microcracking can be expressed via one ISV, while transverse cracking can be represented by another
ISV (Schapery and Sicking, 1995). The evolution of these ISVs with global loading is determined at each mate-
rial point and as functions of load history through the satisfaction of a thermodynamic criterion (an evolution
equation), throughout the loading history. Various experimental (Vogler and Kyriakides, 1999; Oguni et al.,
2000; Yerramalli and Waas, 2003) and analytical (Basu et al., 2006) studies show that the maximum load sus-
tained by a lamina in the axial direction ðrcr11Þ, in compression, depends greatly on the presence of the other in-
plane stress components such as r22 and s12. Experimental, analytical and micromechanical studies show that
the main physical event occurring during axial compressive failure is ﬁber kinking which happens due to the
rotation of ﬁbers within a degrading matrix. The rotation of ﬁbers gives rise to high localized shear strains
which drive the shear degradation of the local matrix. The shear degradation in turn drives the rotation of
the ﬁbers creating a positive feedback loop. The simultaneous presence of both these phenomena results in a
limit load for a lamina under axial compression. This limit load, which is dictated by the local stress state
and the state of the transverse lamina properties, can be relieved (increased) by the presence of other stress com-
ponents or, in certain cases, can be elevated (reduced). The present approach captures these two phenomena in
a numerical setting and is able to reproduce the broad micromechanical observations associated with compres-
sive failure at a macro-level (lamina level, instead of at the individual ﬁber/matrix level). Thus the evolution of
the microstructure with continued loading and its manifestation at the macro-level has been accounted for. It
should be noted that in the subsequent modeling to follow, out of plane kinking, which can be inﬂuenced by
adjacent plies and laminate stacking are not modeled in favor of in-plane failure (Drapier et al., 2001).
Two structural panel conﬁgurations, for which a set of laboratory data is available, are studied using the
present PFA approach. A thick (70-ply), stitched double notched carbon ﬁber reinforced laminated panel sub-
jected to axial compression loading and a relatively thin (24-ply) ﬂat unstiﬀened laminated shear panel (FSP)
with a cutout, loaded deep into the postbuckling regime are analyzed. Double notched panels (DNPs), with
notch tip radii equal to the laminate thickness are cut from a master laminate (Fig. 1). The notches act as stress
concentrators and create a high stress zone, making it easier to observe damage initiation and progression. The
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Fig. 1. Top surface of a DNP specimen. Strain gage locations are shown with white boxes.
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it possible to isolate progressive failure occurring within lamina without the additional complication of ensu-
ing delamination buckling. However, stitching can induce ply-level mesobuckling depending on the stitch ten-
sion and stitch spacing (Drapier and Wisnom, 1999). For the ﬂat unstiﬀened, 24-ply panel, experimental
results and related PFA modeling has been reported earlier (Rouse, 1990; Ambur et al., 2001; Goyal et al.,
2002). These panels are loaded in shear using a picture frame test set-up. Back to back strain gage data
and load and load point displacement data from the panel tests are used to validate the present PFA approach.
The main objective of the present paper is to introduce a new PFA approach for composite laminates that is
based on capturing features associated with failure mechanisms occurring at the ﬁber/matrix scale and embed-
ding these in a numerical scheme that can model the laminate as a collection of degrading lamina in the frame-
work of CLT. The selected examples account for both material degradation in a nonlinear manner (DNP),
and the interaction of these material nonlinearities with geometrical nonlinearities (FSP) at the macrolevel
which dominate the response of thin-gage structures that are loaded in compression.2. Progressive failure analysis using Schapery theory (ST)
2.1. Elements of the PFA approach
2.1.1. Non-linear constitutive formulation
Schapery (1989) developed nonlinear elastic constitutive relations for an orthotropic lamina using a work
potential approach which accounted for the eﬀect of microdamage. In the principal material coordinate sys-
tem of a lamina, with 1 being the ﬁber direction, the lamina stress–strain relations are (Herakovich, 1998)
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r22 ¼ Q1211 þ Q2222
s12 ¼ Q66c12
ð1ÞwhereQ11 ¼
E11
1 m12m21 ; Q22 ¼
E22
1 m12m21
Q12 ¼ m12Q22; Q66 ¼ G12
m21 ¼ m12E22E11 :
ð2ÞThe material moduli given by E11, E22 and G12 are the secant moduli of the lamina.
In the existing literature on damage mechanics as applied to continuous ﬁber laminated composite mate-
rials, the eﬀect of damage is incorporated through the change in transverse Young’s modulus E22 and in
plane shear modulus G12. For instance, Sun and Chen (1989) proposed a one parameter plastic potential
in conjunction with orthotropic incremental plasticity theory to study the evolution of E22 and G12 in tension.
Schapery and Sicking (1995) used ST to study the evolution of E22 and G12. These previous studies were not
concerned with the state of the lamina beyond ﬁrst failure in the ﬁber direction. Yet, it is recognized (Da´vila
et al., 2000, 2003) that such damage is dominant for compression loaded composite structures. Lamina level
coupon tests in tension have shown that ﬁber direction modulus, E11 and Poisson’s ratio, m12 can be assumed
to be independent of microdamage that inﬂuence E22 and G12 (Schapery, 1995). This situation is also true for
compression until the onset of kinking (the axial compression load reaches a maximum limit load at the point
in which a kink band starts to form, for example, as shown in Lee and Waas (1999)). During kink band for-
mation and propagation, it is likely that microdamage mechanisms do inﬂuence E11, m12, E22 and G12. Sub-
sequent to kink banding, other failure mechanisms such as delamination can take place (Waas et al., 1990).
These mechanisms are not accounted for here, but have received attention recently in the context of PFA
(Goyal et al., 2002).2.1.2. Elements of Schapery theory
In Schapery and Sicking (1995), ISVs are used to incorporate inelastic behavior in the material response.
Earlier, Schapery (1990), introduced a more general thermodynamic framework to study materials that
undergo damage. In these developments, the total work done, WT, in a mechanical process is composed of
the inelastic work, Ws and the work of deformation W.W T ¼ W þ W s ð3Þ
The irrecoverable portion of total energy (Ws) can be determined from the material stress–strain response
as shown in Fig. 2. ISVs are described through Si’s. Each Si is associated with a particular damage mechanism.
To satisfy the path independence of total work, these ISVs have to satisfy the following relation,fi ¼ oW soSi ð4ÞThe left-hand side of Eq. (4) is referred to as the thermodynamic force related to the ith ISV. This represents
the amount of force required for the ith damage mode to progress/accumulate. The available force or the ith
driving force is given by the right hand side of Eq. (5). When this available force exceeds the required force
oWs/oSi, then the material undergoes a structural change that is associated with Si.fi   oWoSi : ð5ÞStated another way,_Si > 0 ð6Þ
Stress
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Energy
Fig. 2. Deﬁnition of irrecoverable energy using a generic stress–strain curve.
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noted that if the available thermodynamic force, (oW/oSi) is less than the required thermodynamic force
(oWs/oSi) then,_Si ¼ 0: ð7Þ
Furthermore, Sis need not change continuously with the loading.
Schapery considered two ISVs. They were the energies associated with matrix microcracks (S) and of the
transverse intra-ply cracks (Sc), respectively. Inelastic work is described as,W s ¼ S þ Sc: ð8Þ
In the present work, the eﬀect of only one ISV is entertained that is denoted by S and represents the irrecov-
erable energy content due to the accumulation of micro-cracks. The ISV aﬀects the moduli E22 and G12
through Eq. (9)E22 ¼ E220esðSÞ
G12 ¼ G120gsðSÞ:
ð9ÞHere, E220 and G120 are transverse and shear moduli of the virgin material, i.e., at zero strain and zero damage;
es(S) and gs(S) are functions relating these two moduli to the microcracking ISV, S. The functions es and gs are
expressed as polynomial relations in the ISV, S (Schapery and Sicking, 1995).
The strain energy density (or work of deformation) can be written asW ¼ 1
2
Q11
2
11 þ Q22222
 þ Q121122 þ
1
2
Q66c
2
12: ð10ÞTo incorporate geometric nonlinearities, Green’s strains and the second Piola Kirchoﬀ stresses need to be used
in the expression for W. For small strains, Eq. (10) would contain only the ﬁrst order terms in the strain-dis-
placement relations. Schapery and Sicking (1995) have shown that material non-linearities as incorporated in
Eq. (10) are still signiﬁcant for ﬁber reinforced composites even when inclusion of geometric nonlinearities are
not called for (Schapery, 2002). Using Eqs. (1)–(5), the evolution equations for S is as follows:211
2
oQ11
oS
þ 
2
22
2
oQ22
oS
þ 1122 oQ12oS þ
c212
2
oG12
oS
¼ 1: ð11Þ
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assumed that the ﬁber direction stiﬀnesses are unaﬀected by S. Thus, the term containing Q11 in Eq. (11) can
be neglected. It is also assumed that m12 changes with S such that m12E22 remains constant during loading. The
implications of this assumption are two fold. Firstly, it allows for a change in m12 with damage accumulation in
the lamina. Secondly, it makes it possible to uncouple 11 from the microcracking damage accumulation. If 11
is present in the evolution equation (Eq. (11)), then microcracking damage becomes a direct function of the
longitudinal strain, which is an improper representation of the underlying mechanism. Eq. (11) can be reduced
to,222
2
oE22
oS
þ c
2
12
2
oG12
oS
¼ 1: ð12ÞFor an inelastic process, the entropy production rate is non-negative. Hence,_S P 0: ð13Þ
Physically, _S is non-negative because healing (or reversible damage) is not allowed for in the damage mech-
anism considered.
From experiments (Schapery and Sicking, 1995), it has been observed that for small strains, S behaves as 3.
This is based on the fact that the moduli are constant for small strains. Thus to express the moduli, E22 and
G12 in terms of a polynomial of S, a reduced variable Sr can be used,Sr  S1=3: ð14Þ
Replacing S in Eq. (12) by Sr (from Eq. (14)) and using the chain-rule of diﬀerentiation, the evolution equation
for Sr is,222
2
oE22
oSr
þ c
2
12
2
oG12
oSr
¼ 3S2r : ð15ÞIt should be noted that it is possible to include other softening damage mechanisms such as local ﬁber-matrix
debonding and shear banding through S as has been discussed by Schapery (1990).
During laboratory experiments the density of microcracks in a lamina reaches a saturation limit and the
specimen fails in a catastrophic manner. This results in a termination of the experimental data and a total loss
of lamina stiﬀness and strength. The corresponding value of Sr, obtained from the resultant stress–strain plot,
is denoted by Sr . The constitutive model described thus far holds true for Sr 6 Sr . For Sr > Sr , numerical sta-
bility considerations are important for a stable PFA method. The method used in the present paper is detailed
in Section 2.2.
2.1.3. Fiber rotation under axial compression
Results from previous experimental, analytical and numerical studies have shown that the main feature of
laminate failure under predominantly compression loading is localized ﬁber bending leading to kink band for-
mation. The presence of initial ﬁber misalignment in a lamina that experiences compression along the ﬁbers
gives rise to local shear strain in the matrix adjacent to the misaligned ﬁbers. These shear strains accelerate
degradation of the local matrix shear stiﬀness. Imperfect ﬁber systems are prone to rotate under axial compres-
sion. That is, the ﬁbers within a lamina that are subjected to axial compression have the propensity to change
their alignment. This change is dictated by the local multiaxial stress state and the local shear stiﬀness of the
matrix. As the local shear strains degrade the matrix shear stiﬀness, the resistance to localized ﬁber bending
diminishes and ﬁber rotation gradually begins to build up which in turn creates more local imperfection and
local shear strain. Thus a positive feedback loop is established between these two competing events. A point is
reached when the in situ shear stiﬀness is not suﬃcient to prevent the additional ﬁber rotation. This point usu-
ally coincides with the peak load in an axial material response curve. Beyond this point, the matrix is unable to
resist any ﬁber rotation and the ﬁbers rotate aligning themselves in localized deformed bands, commonly
described as ‘kink bands’.
Consider a ﬁber reinforced lamina under a generalized load state as indicated in Fig. 3a. A band of misa-
ligned ﬁbers is shown sandwiched between two regions where the ﬁbers are nominally straight and aligned.
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Fig. 3. (a) A unidirectional lamina with a band of misaligned ﬁbers in equilibrium under a multiaxial stress state. Inset shows the stress
state inside the misaligned band. (b and c) The developing kink band in Carbon composites (Yerramalli and Waas, 2003) and the
schematic representation of such within a lamina.
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alli and Waas, 2003, Fig. 3b). In these real kink bands, there is a conical region where ﬁber bending is dom-
inant and this region is sandwiched between the regions where there is dominant shearing (inside the band)
and the far-ﬁeld aligned region where there is uniform deformation (Fig. 3c). Owing to the ﬁber bending dom-
inant region, the kink band boundary inclination (b + b0) has the ﬂexibility of changing during the loading,
i.e., there is continuous exchange of material between the ﬁber bending dominant region and the shearing
dominant region. In the idealization presented here, the ﬁber bending dominant region is disregarded and
the shearing dominant region is assumed to be held in equilibrium between the two nominally aligned regions.
A reference frame x–y can be deﬁned such that the x-direction is parallel to the nominal ﬁber direction in
the lamina and the y-direction is normal to it. In subsequent discussions, the x–y reference frame will be
termed as the ‘global’ frame. The misaligned band of ﬁbers, in the current conﬁguration, is deﬁned through
two angles, /^ ¼ /þ /0 and b^ ¼ bþ b0. The angles (/0,b0) are constants and the angles / and b are variables
that may change as a function of current far-ﬁeld stress state. The reference frame, 1–2, is deﬁned in the
unstressed initial conﬁguration of the misaligned lamina. Fibers inside the misaligned band are parallel to
the ‘1’ direction in the initial state. A current reference frame 1 0–2 0 is deﬁned where ‘1 0’ is always parallel
to the current ﬁber direction inside the band, thus the 1-axis rotates to 1 0-axis during loading. The ‘2’ and
‘2 0’ directions are always orthogonal to the ‘1’ and ‘1 0’ directions, respectively. The 1–2 frame will be deﬁned
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retains most of its in situ shear stiﬀness, the 1–2 and 1 0–2 0 axes systems will be nearly co-incident. As the
matrix shear stiﬀness degrades, local shear strain, c12, will start to increase rapidly. It can be shown that
the angle between the 1-axis and the 1 0-axis, given by / and c12, for small strains, are related byc12 ¼ c112 þ / b: ð16Þ
Here, c112 is the contribution from the externally applied shear loading, if any. For a uniaxial compression
loading and assuming b = b0 = 0, we arrive at,c12  /: ð17Þ2.2. Numerical implementation via the ﬁnite element (FE) method
The material behavior outlined in Section 2.1 is modeled in the numerical domain using the commercially
available FE package ABAQUS. ABAQUS has the capability of integrating user deﬁned material behavior
with its existing element library through user deﬁned material subroutine, UMAT (ABAQUS, 2003). This sub-
routine is called at each material point for which the constitutive law is deﬁned through the user deﬁned
option. A UMAT receives from the solver in ABAQUS, stresses, strains and solution dependent variables
(SDV, ABAQUS terminology) from the previous equilibrium step, the increment of strain in the current load-
ing step and various other parameters. After calculations, the UMAT returns to the solver the updated stresses
and SDVs, if any, and the incremental tangent stiﬀness matrix, orij/oij. Here it is pertinent to relate the three
reference frames described in the previous subsection to the ﬁnite element solver reference systems. The x–y
reference frame is the ‘global’ or ‘laminate’ frame. The master geometry of the numerical domain is deﬁned
in this system. We will also use this frame to deﬁne external loading. The 1–2 reference frame coincides with
the ‘local’ lamina orientation, without any loss in its signiﬁcance. The solver in ABAQUS passes variables to a
UMAT in this coordinate frame. The 1 0–2 0 reference frame is the ‘instantaneous’ frame, with the 1 0 direction
coincident with the current ﬁber direction, and is used for computations within the UMAT. A description of
the computation steps performed within the UMAT (which is also presented in Fig. 4) is now given. In the nth
loading increment, the solver sends in the stresses rn1ij in the 1–2 coordinate frame which are related to the
stresses in the x–y frame via the plane-stress transformation relation,rn111 ¼ cos2 hrn1xx þ sin2 hrn1yy þ 2 cos h sin hsn1xy
rn122 ¼ sin2 hrn1xx þ cos2 hrn1yy  2 cos h sin hsn1xy
sn112 ¼ cos h sin hðrn1xx  rn1yy Þ þ ðcos2 h sin2 hÞsn1xy :
ð18ÞThe strains n1ij , strain increments d
n
ij in the local 1–2 coordinate system and a set of SDVs are also passed
in from the solver. These SDVs are used to store various quantities required in the PFA process. Among these
are in situ stiﬀnesses, in situ rotation angle and the state variable Sr. When the UMAT is called, these SDVs
contain the values at the end of the previous equilibrium state (tn1) and are updated with the values at the
present load increment (tn) at the end of the UMAT, before the control is passed back to the solver. Within
the UMAT, these local strain increments are added to the total strains to obtain the total strains nij. These
strains, nij are then transformed to the 1
0–2 0 system using the angle between the local and the instantaneous
frames, /n1, to obtain total strains in the instantaneous direction, ni0j0 . If the stored value of Sr (solution from
the previous load increment) is greater than Sr , all material parameters are degraded in a pre-determined fash-
ion. Beyond Sr , the secant moduli of a ply (E22, G12) are degraded such that, in each subsequent computation
of stress, the new secant moduli are degraded to 90% of their prior values. Furthermore, when Sr > S

r , the
lack of a cohesive matrix results in an abrupt drop in the axial load carrying capability. Micromechanical com-
pressive response studies have shown that the ‘‘eﬀective’’ secant modulus of a unidirectional lamina, in the
ﬁber direction, continuously degrades, within a region of unstable (snapback) behavior (Lee and Waas,
1999). This is captured in the present work by also requiring that E11 degrade to 90% of the prior value. If
Sr < S

r , then the strains, 
n
i0j0 are used in Eq. (15) to solve for the thermodynamic damage variable Sr. If
the Sr value thus obtained satisﬁes Eq. (13), then the material point accumulates damage and the lamina
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Fig. 4. Flow chart of the operations performed inside a UMAT for implementing the ﬁber rotation and Schapery Theory ideas.
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then the in situ moduli are not changed from their previous values. This ensures that the material point never
‘heals’ and the moduli always degrade monotonically. Subsequently, the material secant constitutive matrix,
Qni0j0 is computed using the in situ moduli, E11, m12, E22 and G12. According to the present modeling scheme, E11
is not aﬀected by Sr. Thus it remains constant at the undamaged state value until Sr becomes greater than S

r
during the analysis. Finally, the stresses rni0j0 are updated and the material incremental constitutive matrix,
ori0j0=oi0j0 is computed.
When the increment of shear strain is small, then the instantaneous ﬁber rotation can be equated to the
change in shear strain dcn
1020 (Schapery, 1995). From the constitutive relation one can also write,cn1020 ¼ Sn66sn1020 ð19Þ
where, S66 = 1/G12. Taking diﬀerentials on both sides of Eq. (19),
Table
Proper
Thickn
E11 (G
E22 (G
G12 (G
G13 (G
G23 (G
m12
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Eq. (20) provides an expression for the change in angle d/n. This change is added to the ﬁber angle value of the
previous step to obtain the current ﬁber angle /n./n ¼ /n1 þ d/n: ð21Þ
This angle is used in the current increment, to transform the stresses and the material incremental constitutive
matrix computed in the 1 0–2 0 frame to the 1–2 frame, to return to the solver in ABAQUS. In the absence of
damage (or when the damage is small) the angle /n will be small. But with the accumulation of damage, /n
starts to increase, leading to local ﬁber direction instability. It should be noted that the deﬁnition of ﬁber rota-
tion via Eq. (20) allows the possibility of elastic rotation recovery that is instrumental in deformation local-
ization during kink banding.
The steps outlined in this section are repeated at each loading increment until the analyses are completed.3. Details of the experimental studies
3.1. Stitched double notched panels (DNPs)
Multidirectional composite laminated specimens used in the present experimental study are cut from a mas-
ter laminate which was obtained from NASA Langley Research Center and is similar to the panels used by
McGowan et al. (2001). The master laminate is fabricated from Hercules Inc. AS4/3501-6 graphite-epoxy
materials. It is stitched through the thickness and parallel to the principal ﬁber direction using E.I. DuPont
de Nemours Inc. Kevlar(R) thread. The master laminate is made of 10 prefabricated ‘stacks’ of dry preknitted
lamina each of which is 1.4 mm thick and has seven layers of unidirectional plies with a stacking sequence of
[±45/0/90/0/45]. The 0 layers are parallel to the stitching direction. The resulting laminate is then infused
with resin by using resin ﬁlm infusion technique. The cured thicknesses of individual ±45, 0, and 90 layers
are given in Table 1.
Schematics of an experimental specimen is shown in Fig. 5. Each specimen has overall dimensions of
210 mm · 210 mm · 15 mm. Two 52.5 mm deep notches with a notch tip radius of 15 mm are cut on opposite
side of each specimen. These notches create a localized high stress region which induces failure initiation and
provides a predeﬁned location for probing and obtaining diagnostics of damage initiation. Multiple DNPs
have been studied. For convenience, the specimen face with thicker visible stitches is marked as the ‘top’ sur-
face and the reverse surface is labeled as the ‘bottom’ surface. Fig. 1 shows the top surface of a typical spec-
imen. A water-jet cutting procedure is used to cut the specimens from the master laminate. All four sides of
each specimen are ground with a ﬁne grit grinding wheel after cutting to ensure parallelism between opposite
sides.
The unnotched sides of the specimens are used as loading edges. Each loading edge is slotted in end sup-
ports and puttied using Devcon steel putty to end caps that are made from hardened steel. This way, a
‘clamped’ boundary condition is obtained at each loading edge. Notched sides are slotted into anti-buckling
guides. A schematic of the boundary conditions is shown in Fig. 5. Experiments are carried out in an MTS1
ties of the diﬀerent prefabricated ply orientations (McGowan et al., 2001; Rouse, 1990)
AS4/3501-6 AS4/3502
±45 0 90
ess (mm) 0.15 0.16 0.17 0.14
Pa) 111.0 113.0 110.0 131.0
Pa) 11.0 11.0 11.0 13.0
Pa) 5.5 5.5 5.5 6.4
Pa) 5.5 5.5 5.5 6.4
Pa) 2.8 2.8 2.8 1.8
0.34 0.34 0.34 0.38
AA’
P Q
RS
5 mm
15 mm
176 mm
6 mm
13 mm
200 mm
5 mm
52.5 mm
30 mm
210 mm
210 mm
14 mm
Δ
Clamped area (u=w=0)
Clamped area (u=v=w=0)
Simple support
   line
x
φy= 0φ =( )
x
φy = 0φ =(   )
(w=0)
b
Fig. 5. Schematics of the specimens and test conditions used in the present study. Section AA 0 is used to cut Test-3 specimen for damage
diagnostics. (a) Dimensions of the DNP, (b) boundary conditions of the DNP.
2658 S. Basu et al. / International Journal of Solids and Structures 44 (2007) 2648–2676machine with a crosshead displacement rate of 0.01 mm/s and an axial load capacity of 500 kN (110,000 lbf).
Back to back strain gages are used at the center of each test specimen to check for specimen bending. Six quar-
ter bridge strain gages are placed along the line joining the notch tips on the ‘top’ surface of each specimen to
monitor strains during loading. These locations are shown in Fig. 1. Fig. 6 shows a typical specimen in the
MTS frame prior to an experiment. The bottom surface of the specimen is visible with two strain-gages which
check for out-of-plane bending during the experiment. A 500 kN capacity load-cell placed in the MTS actu-
ator is used to measure the compressive load throughout the loading history.3.2. Flat shear panel (FSP)
Rouse (1990) performed experimental studies on ﬂat unstiﬀened shear panels with and without a cutout.
The eﬀects of the material system and the laminate lay-up on the failure characteristics of the panels were stud-
ied. Graphite/epoxy specimens made from unidirectional tapes of Hercules Inc AS4 graphite ﬁbers and ther-
mosetting resin 3502 were used. The specimens had a lay-up of [±45/02]3S with 24 plies. Nominal thickness of
each ply was 0.14 mm. Overall dimensions of the specimens were, 445 mm · 445 mm · 3.35 mm. Edges of the
specimen were stiﬀened with steel reinforcements bonded to the specimen with room temperature adhesives
Fig. 6. A DNP specimen is shown with supports and bottom surface strain gages prior to an experiment.
S. Basu et al. / International Journal of Solids and Structures 44 (2007) 2648–2676 2659which produced a gage section of 305 mm square. A circular cut-out of 25.4 mm diameter was drilled at the
center using diamond impregnated core drills. Tensile loading was applied to the specimen using a picture
frame loading apparatus in a 1.33 MN hydraulic test machine. Fig. 7 describes the schematic of the applied
load and the axis system used in testing. The global X-axis is perpendicular to the applied loading direction
and the global Y-axis is parallel to the loading direction. The 45 layers on the top surface were parallel to
the applied loading. Strain gage readings from the top and bottom surfaces of the panel were recorded at a
location 12.7 mm below the cutout along the loading diagonal (location X). Linear variable displacement
transducers were used to measure the out of plane displacement at the edge of the cut-out and shadow
moire´-fringe techniques (Theokaris, 1969) were used to measure the complete out-of-plane deformation ﬁeld
of the specimen.4. Numerical simulations – modeling details
The predictive capabilities of the present PFA methodology is assessed by simulating the experimental
results of the panels described in the previous section. Test sections of the experimental geometries (both
the DNP and the FSP) were discretized using the shear deformable three noded (S3) and four noded (S4/
S4R) shell elements available in ABAQUS (Fig. 8). Truss elements (T3D2) were used to simulate the picture
frame loading frame of the FSP. A summary of the nodal and elemental data are presented in Table 2. For
both the panels, static analyses were performed using displacement control loading. An arc length solution
method (Riks, 1972) is used through the RIKS option available in ABAQUS. Geometric nonlinearity is
included in the response analysis through the NLGEOM option available in ABAQUS. As the experimental
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Fig. 7. Schematic geometry of the FSP specimen.
Fig. 8. Finite element meshes used in the present study. (a) DNP FE mesh (b) FSP FE mesh.
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for the DNP. Only one stack of [±45/0/90/0/45] (seven layers) was modeled. The thickness of each layer was
chosen as the total thickness of all similar orientations such that the total model thickness equals the total
panel thickness. The present approach does not consider any out of plane damage mode which allows lumping
layers with similar orientations in this manner.
Elastic material properties for the AS4/3501-6 (Soden et al., 1998) and AS4/3502 (Rouse, 1990) material
systems are described in Table 1. Nonlinear shear stress–strain curves for these material systems are shown
Table 2
Summary of nodal and elemental data for the FE analyses
DNP FSP
Elements 11,713 2699
S3/S4 11,713 2635
T3D2 – 64
Nodes 11,951 2697
Degrees of freedom 71,706 16,182
S. Basu et al. / International Journal of Solids and Structures 44 (2007) 2648–2676 2661in Fig. 9. A material point is denoted as ‘damaged’ when it reaches the end of the input stress–strain curve. For
the present analysis, this refers to a 55% degradation in the in situ shear modulus, G12. Complete material con-
stitutive behavior is modeled via the user material subroutine option of ABAQUS. Section lay-up of the lam-
inates are deﬁned using the *SHELL SECTION, COMPOSITE option available for shell elements. Thickness
eﬀects are incorporated by using three integration points through the thickness for each layer.
Boundary conditions for the panels are applied at nodal positions. For the DNPs, nodes corresponding to
the top grip location are constrained from having any motion. Nodes occupying the bottom grip location are
constrained to move only in the 1–2 plane. Rows of nodes corresponding to the knife edge support locations
are constrained from moving out-of-plane. Loading applied by the MTS cross-head is simulated by specifying
displacement in the 2-direction for nodes at the bottom grip location. For the ﬂat shear panel with a cutout,
eﬀects of the steel reinforcements were modeled via rigid truss elements at the edges of the specimen. Tensile
loading is simulated by specifying displacements in the X- and Y-directions at point C. Equal displacements
are speciﬁed such that the resultant motion is along the diagonal AC.
Depending on the process of manufacture, a composite laminate contains a material imperfection signature
(MIS). For pre-preg based laminates, the MIS is characterized by how much the ﬁbers have deviated from
their intended alignment. Fiber misalignment angles of 1–3 are not uncommon. Motivated by these factors,
geometric and material perturbations are both used in the DNP analysis. In-plane geometric perturbation is
provided using a negative shear loading on the bottom grip such that the bottom grip is oﬀset by a predeter-γ
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Fig. 9. Material inelastic input curves used in the present study.
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rial axis system of the axial layers (90 layers) are oﬀset from the Y-direction by 2 in addition to the in-plane
geometric perturbation. A group of elements (4 element rows wide) situated between the notch tips were also
given an additional 2 angle for the initial value of /. The geometric and the material axis perturbations are
deﬁned such that they act in harmony. For the FSP, only an out-of-plane geometric perturbation is used. The
lowermost global buckling mode shape, obtained from a linear eigen value buckling analysis, is used for this
purpose. The magnitude of the largest perturbation is 0.3% of the total laminate thickness. It is to be noted
that material imperfections (misalignment of ﬁbers within a layer) are usually on the order of 1–2 for pre-
preg based laminates.
4.1. Results for the stitched panel
Results from the DNP tests and the FE simulation are presented and salient features of compressive dam-
age diagnostics obtained from the specimens are discussed in the present section. Experimental results are dis-
cussed ﬁrst followed by the comparison with the FE simulation results. Strain readings from the back to back
gages at the center of the specimen showed insigniﬁcant amount of bending being present. This was true for all
three specimens examined. However, it is likely that the panels had initial geometric imperfection shapes
unlike that of the lowest eigen mode shapes assumed here in the analysis to follow. This is evident in the back
to back strain gage readings from the right and left notch tip areas that show diﬀerences between them sug-
gesting that the panel deformation also shows a ‘skewed x-wise’ bending, unlike the ﬁrst elastic eigen mode
shape.
A linear elastic FE study predicted that the notch tip compressive strain in the loading direction will exceed
0.01 (10,000 micro-strain) at a global reaction force of 220 kN (Table 3). This value of axial strain is typical for
ﬁber kinking for the present class of materials (Lee and Waas, 1999; Kyriakides et al., 1995). Fig. 10 presents
the membrane strains (obtained from the back to back center gages shown in Fig. 1) plotted against the reac-
tion forces. Comparison with the ﬁnite element analysis prediction shows that the overall panel response
remains largely linear during loading. Nonlinearity in the global response sets in beyond 200 kN which is near
the predicted load level for ﬁber kinking near the notch tip. The resultant load–displacement (P–d) data from
the DNP tests are plotted in Fig. 11. The responses show a bilinear behavior with a distinct knee around a load
of 220 kN. A slight ‘kink’ in the P–d responses near 340 kN is also observed. There was no audible or visible
indication of damage prior to this load level and the DNP specimens failed catastrophically at an external load
of 370 kN. The specimens separated in two halves during their removal from the end supports. Comparison of
the catastrophic failure loads of the DNP specimens (Table 4) with the predicted linear buckling load (Table 3)
shows that specimen failure did not occur due to global buckling. Instead, progressive damage accumulation
in all the layers in the vicinity of each notch tip leads to a zone of ‘degraded’ material. These zones grow
towards each other just prior to catastrophic failure and the panel undergoes an out-of-plane shear failure sep-
arating into two halves as shown in the post-experiment image of Fig. 12.
Fig. 12 shows the top surface of the ﬁrst DNP specimen (Test-1) after it was removed from the ﬁxture. As it
can be seen, damage which initiated near the notches grew suddenly across the specimen above the center
stitch. On the bottom surface, a damage zone propagated across the specimen below the center stitch
(Fig. 12b). Presence of the center stitch seems to prevent damage initiation exactly at the notch tip. It is also
seen that a view of the through thickness damage is inclined at an angle to the loading axis rather than being
perpendicular to it (Fig. 12c).Table 3
Predictions from a linear elastic FE analysis of the DNP geometry
Event Global load (kN)
Notch tip axial strain 0.010 220
Notch tip axial strain 0.015 330
Global buckling 1300
Negative strains indicate compression.
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would initiate in the vicinity of the notch tips but would not progress towards catastrophic failure. This spec-
imen was loaded up to 340 kN and subsequently unloaded. Strain gage readings from the gages near the notch
Table 4
Summary of experimental observation of the DNP specimens
Ultimate failure load (UFL) (KN) Axial strain at UFL (l-strain)
Test-1 372 6110
Test-2 375 5943
Negative strains indicate compression.
Fig. 12. (a,b,c) A DNP specimen is shown after being loaded beyond catastrophic failure. (a) Left notch, (b) right notch.
2664 S. Basu et al. / International Journal of Solids and Structures 44 (2007) 2648–2676tips showed nonlinearity at this load level indicating the presence of internal damage. The unloaded specimen
was taken oﬀ the grips and cut along the center line of the left notch tip gage (section AA 0, Fig. 5). Post-exper-
iment damage diagnostics performed using optical microscopy and scanning electron microscopy (SEM)
showed that ﬁber kinking in the vicinity of the notch tip is the main source of damage.
Fig. 13. Finite element mesh with ﬁner discretization used to check mesh dependency for the DNP analysis. (a) Coarser mesh, (b) ﬁner
mesh.
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Load vs. load point displacement data for the DNP test specimens are compared with the FE result in
Fig. 11. The experimental data show regions of ‘settling’ in the initial stages. The FE simulation results are
plotted after accounting for the settling of laboratory specimens. The overall behavior of the FE simulation
is similar to the experimental observations. Initial slopes of the curves presented match quite well. Beyond
220 kN, the FE result remains bounded by the two experimental responses. The FE analysis predicts a peak
load of 394 kN which is within 6% of the experimentally observed maximum load.
Another mesh (Fig. 13) with 1.6 times the degrees of freedom of the initial mesh (Fig. 8) has been used to
examine the mesh dependency of the analysis results. It is found that the slope of the P–d response from the
ﬁner mesh matches with the corresponding slope of the coarser mesh. The ﬁner mesh predicts a peak load of
390 kN which is within 1% of the coarser mesh prediction. These observations, and maps of damage contours
that indicate in situ shear modulus (G12) degradation to be discussed subsequently, show that the results pre-
sented here are indeed mesh independent. Consequently, results from the coarser mesh are used for further
discussion.
It should be noted that prior to the peak at 394 kN, the response passes through a smaller crest at 388 kN
which is followed by a softening regime (Fig. 14). Subsequent loading of the laminate leads to an increase in
load, at a reduced slope (compared to the initial slope) until the global peak is reached at 394 kN. Though the
predicted behavior in Fig. 14 is similar to the ﬁrst test result, it appears to be absent in the second test. Fiber
kinking is a dynamic event resulting in a catastrophic loss of strength and stiﬀness of the system under loading.
Therefore dynamic events that occur at very short time scales may not be appropriately captured in the global
load-end shortening response. Beyond this maximum load, the global reaction force drops in a stepwise fash-
ion, indicating discrete damage progression. Ultimately at a load of 375 kN, the laminate is unable to sustain
any more load and a vertical drop is observed in the P–d response, indicative of a catastrophic global failure
event.4.1.2. Strain-gage measurements
The strain readings recorded from the DNP panels are shown in Fig. 15. The locations of the gages are
indicated in Fig. 1 and tabulated in Table 5. All strains initially are linear with the applied load, but a
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indicative of damage accumulation in the panel. As expected, the gages closest to the notch tips record the
highest values and the intensity decreases with distance away from the notch tips. The back to back notch
tip gages show bending and also diﬀer between the right notch and left notch (Fig. 15a,c and b,d), suggest-
ing a width wise skewed (in the x-direction) bending during the deformation. An acceleration of the notch
tip strain nonlinearity is observed at 300 kN (gage 6 in Fig. 15d) and the gage is rendered malfunctional at
about 310 kN. The FE results, based on a panel without any out-of-plane geometric imperfection, does not
show any diﬀerences in the back to back notch tip readings. The FE data is also ‘stiﬀer’ as expected, indi-
cating that the panel properties are most likely overestimated. However, the trends in all the strains cap-
tured by the FE simulation are correct with respect to softening nonlinearity and with respect to the
acceleration of the non-linearity as loading proceeds. Indeed, all the FE strain readings become near ver-
tical at approximately 388 kN, indicative of the softening induced localized instability experienced by the
panel. An examination of the strain readings appears to indicate that the strain predictions of the FE sim-
ulations are slightly shifted. That is, if all the panel strain readings are correlated with the FE strains at
locations that are further away from the notch, then the readings show a remarkable agreement. This sug-
gests that a ‘scaling’ of the material properties and proper accounting for the initial geometric imperfections
should bring agreement much closer. It must be noted that the FE simulations are based on classical lam-
ination theory ideas (strictly 2D) which neglect possible 3D eﬀects that can also contribute to the discrep-
ancies. A study that examines the eﬀects of material property uncertainty was carried out in a limited sense
for the FSP (see later).4.1.3. Damage contours at various load levels
Contours of the damage variable Sr are presented at increasing load levels in Figs. 16 and 17. These con-
tours represent the eﬀect of matrix cracking as captured through Sr. Results are presented for the top four
layers, ±45, 0 and 90 layers, where the layer orientation is given with respect to the global x-direction.
A color closer to red indicates a higher level of degradation compared to a color closer to blue which indicates
zero or minimal damage. The dark areas in these maps correspond to shear stiﬀness loss of 55% or more. In
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Fig. 15. Comparison of measured strain data from experiments with the FE results. Strain gage locations are given in Table 5. (a) Test-1,
left gages, (b) Test-1, right gages, (c) Test-2, left gages, (d) Test-2, right gages.
Table 5
Summary of the experimental strain measurement stations for the DNP panel
Test-1 Test-2
Distance from the left notch tip
Gage 1 5 mm 2 mm
Gage 1 back – 3 mm
Gage 2 12 mm 10 mm
Gage 3 25 mm 25 mm
Distance from the right notch tip
Gage 4 24 mm 25 mm
Gage 5 12 mm 11 mm
Gage 6 6 mm 3 mm
Gage 6 back – 3 mm
S. Basu et al. / International Journal of Solids and Structures 44 (2007) 2648–2676 2667the following discussion, damage state or level of degradation is used interchangeably with the loss of shear
stiﬀness. It is readily observable that diﬀerent layers are at diﬀerent levels of degradation at a given global reac-
Fig. 16. Contours of Sr (P = 217 kN) are shown for the top four layers. The 0 layer is parallel to the global x-direction. Dark areas in
these contours correspond to 55% or higher degradation in in situ shear stiﬀness. (a) 45 layer, (b) 45 layer, (c) 0 layer, (d) 90 layer.
2668 S. Basu et al. / International Journal of Solids and Structures 44 (2007) 2648–2676tion force. It is also noticeable that the 90 layer which is under global axial compression, shows the least
amount of damage whereas the ±45 layers show the most damage. The 90 layer damages at a rate lower
than the rate of damage in the other layers. This can be observed in Fig. 19. This ﬁgure also shows that when
all the other layers reach Sr , the rate of damage accumulation increases in the 90 layer, indicating a load redis-
tribution among the damaged and undamaged layers. The ±45 layers make up nearly 60% of the laminate,
thus the global stiﬀness of the system is greatly aﬀected by the degradation of these layers. In a through-the-
thickness view at the notch tips, at a load of 388 kN, only 14% of the layers have substantial in situ shear stiﬀ-
ness remaining and the rest have lost 55% or more of their shear stiﬀnesses. Thus the laminate weakens in both
in-plane and out-of-plane directions. Damage zones grow a little oﬀset from the notch tips in the 90 layer and
converges towards the notch tips with increasing load. In the ±45 layers, damage nucleates from the notch
tips in a small region. Then the two separate damage zones propagate towards each other along the center line
of the specimen, ﬁnally establishing a region of uniformly damaged material between the two notches. Evi-
dence of this phenomenon is readily visible in the damage contours of the 0 layer. At the global peak load
of 394 kN, most of the layers have lost 50% or more in in situ shear stiﬀness between the notches. The remain-
ing layers (90 layers) have also established a zone extending from the left notch to the right notch, which has
lost nearly 20% of its in situ shear stiﬀness. The only load path for this panel is between the notches. Thus
when the panel looses a substantial portion of its in situ shear stiﬀness in that region, the load path is essen-
tially severed. This leads to a staggered drop in the global load with increasing end compression as the material
in the 90 layer looses more and more of its shear stiﬀness. Ultimately at 375 kN, the load path becomes unsus-
tainable which triggers a near vertical load drop. In situ G12 are also plotted for the outermost 45 layer
(Fig. 18) at the peak load. The contours (dark colored area denotes 55% or more degradation) occupy similar
sized areas in both the meshes. This comparison of a localmeasure combined with the similarity in global mea-
Fig. 17. Contours of Sr at P = 357 kN (the ﬁnal point of the FE P–d response curve). (a) 45 layer, (b) 45 layer, (c) 0 layer, (d) 90
layer.
S. Basu et al. / International Journal of Solids and Structures 44 (2007) 2648–2676 2669sures (slope of the load-displacement curve and peak load) emphasizes the mesh independent nature of the
present analysis.
This breakdown of the load path and damage growth in the other layers (which may have lost nearly its
entire load carrying capacity) coupled with the strain gage readings becoming near vertical (see Fig. 15), sig-
nals the onset of catastrophic failure.4.2. Results for the ﬂat unstiﬀened shear panel
Simulation results for the FSP are compared with the experimental results obtained by Rouse (1990).
Experimental observations for the FSP showed that the panel failed deep into the post-buckling regime.
Delamination zones and tension cracks developed at the edges of the cut-out and lead to the ultimate failure
of the specimen. Two types of data are reported from the experiment, namely load vs. load point displacement
(P–d) and load vs. surface strain (P–22) variation. Similar data sets are generated from FE simulations and
compared with the experimentally reported data.
Three diﬀerent FE cases are reported in the following discussions. Finite element analysis with the elastic
properties as reported by Rouse (1990) is denoted by ‘case 1’. Case 2 denotes analysis with elastic moduli val-
ues 110% of those reported by Rouse (1990). In both these cases, tensile failure was not considered. A third
analysis, using an explicit tensile failure criterion and E11 degradation is also performed. In this case, a cut-oﬀ
value of the axial strain is used to indicate ﬁber tensile failure. When the cut-oﬀ value is reached, all in situ
stiﬀness parameters are set to zero. The results from this analysis are reported as ‘case 3’.
Fig. 18. Contours of in situ G12 for the two DNP meshes at peak load in the outermost 45 layer show similar levels of damage
accumulation. (a) Coarser mesh, (b) ﬁner mesh.
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Load (P) and load point displacement (d) data from the experiment and the simulations are plotted in
Fig. 20. The experimental buckling load for the specimen was reported to be 112 kN. A linear eigenvalue buck-
ling analysis of the FSP geometry produced a buckling load of 113 kN in the simulation. It can also be seen that
neither Case 1 nor Case 2 was able to generate a limit load behavior of the FSP. Inclusion of ﬁber direction
modulus reduction (explicit tensile failure and reduction of E11 when Sr > S

r ) leads to a limit load behavior with
a peak load prediction of 186 kN (within 3% of the experimental observation) but at a larger end displacement.
This observation points to a drastic softening in the FSP material (as shown by the deviation of the Case 3 P–d
response) near the peak and presence of other failure mechanisms not modeled in the present PFA approach.4.2.2. Strain-gage measurements
Fig. 21 shows the variation of reaction force P with strains 22 (perpendicular to the ﬁber direction) mea-
sured on the top and bottom surfaces of the panel at a station 12.7 mm below the cutout edge along the load-
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Fig. 19. Plot of Sr evolution with loading at the left notch tip. Diﬀerent rates of damage accumulation are observed for diﬀerent layers.
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Fig. 20. Plot of P–d data for the FSP specimen. Locations A–E represent various damage events occurring in the laminate and are
explained in Table 6.
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phenomena of bifurcation and subsequent strain evolutions on the top and bottom surfaces. They also show
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Fig. 21. Transverse strain (22) data at location X (Fig. 7) plotted against the global load for the FSP specimen.
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material damage. Exact data for the stiﬀness degradation of the AS4/3502 system used in the FSP experiments
were not available. Hence, the degradation behavior (i.e., the Sr vs. normalized stiﬀness relations) of the AS4/
3501-6 system was used as an approximation. The results show that such a degradation behavior provides a
‘lower’ bound for the FSP panel (FE, case 1 in the ﬁgures). The ‘FE, case 2’ analysis was performed by increas-
ing the elastic constants of the FSP material by 10% and keeping the degradation behavior unchanged. This
approach led to an ‘upper’ bound of the FSP material. The actual specimen material properties lie somewhere
in between these two limits. The P–22 behavior suggests that the degradation law (form of the Sr vs. normal-
ized G12 curve) has a lesser eﬀect on the system response of these FSPs than the initial undamaged moduli.4.2.3. Damage maps of various layers
Various locations are marked in Fig. 20 which correspond to the various damage events occurring in the
laminate. Table 6 shows the loads associated with these events. Contours of damage variable Sr for some
of these events are shown for the top three layers (±45 and 0 layers) and the bottom layer (45 layer) in Figs.
22 and 23. The damage is seen to nucleate in areas surrounding the edge of the cut-out. Propagation of the
damage zones are mainly perpendicular (45 and 0 plies) and parallel (bottom 45 ply) to the loading direc-
tion. Beyond the global buckling event, in situ material degradation accelerates in the bottom 45 ply com-
pared to the other layers. During subsequent loading, rate of in situ degradation accelerates in other layersTable 6
Summary of various failure events and corresponding loads for the FSP panel
Event Load
(A) Pre-global buckling 92 kN
Global buckling 107 kN
(B) Top layer tensile failure 132 kN
(C) Peak load (Case 3) 186 kN
(D) Vertical drop in load 134 kN
(E) Analysis terminated 74 kN
Fig. 22. Contours of Sr at P = 132 kN. Tensile failure initiates in the topmost layer. (a) Top 45 layer, (b) 45 layer, (c) 0 layer, (d)
bottom 45 layer.
S. Basu et al. / International Journal of Solids and Structures 44 (2007) 2648–2676 2673also and at 132 kN (event B) tensile failure nucleates in the top 45 layer (Fig. 22). It is readily observable that
the 45 layer and the 0 layer near the cut-out (at locations perpendicular to the external loading) are at a
higher level of damage compared to the outermost layers. Thus these locations subsequently loose internal
support for the outermost layers and other damage modes appear. Results from ‘FE, case 3’ incorporates
contours of a variable which is monitored during the analysis to indicate when the local tensile axial stress
exceeds the tensile strength of the material (1378 kN reported in Ambur et al. (2001)). The initiation of tensile
failure occurs in the topmost layer followed by the tensile failure in the bottom layer and coincides with the
inner layers loosing 55% of their in situ shear stiﬀness at those locations. As the tensile failure zone extends
from its nucleation site, the strain in the topmost layer is seen to deviate from the ‘FE, case 1’ results
(Fig. 21). In the laboratory experiment, the material degradation and tensile failure could have propagated
in a violent manner leading to a sudden catastrophic failure. The contours of damage variables clearly show
that the present analysis is able to capture the diﬀerent rates of damage progression in the top and the bottom
layers.4.2.4. Varying rates of E11 degradation
A sensitivity study is performed to observe the eﬀect of E11 degradation on the P–d and P–22 responses of
the FSP. The results are presented in Figs. 24 and 25. Here it is pertinent to diﬀerentiate between explicit ﬁber
direction damage and the current E11 degradation scheme employed here. For explicit ﬁber direction damage,
the modulus is usually degraded based only on the ﬁber direction quantities such as 11 and/or r11. Eﬀects of
other types of damage such as shear degradation are not explicitly taken into account. This gives rise to a non-
interacting model of material degradation. In the present approach, the ﬁber direction modulus, E11 is only
degraded if Sr > S

r at a material point. This directly couples the axial stiﬀness loss to the overall stiﬀness
Fig. 23. Contours of Sr at P = 186 kN. Peak load is reached in the global response. (a) Top 45 layer, (b) 45 layer, (c) 0 layer, (d)
bottom 45 layer.
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that the peak load and the post-peak behavior do not change appreciably beyond a particular rate of E11
reduction.
5. Concluding remarks
In this paper, a failure mechanism based progressive failure analysis methodology is developed and vali-
dated against experimental data for two types of laminated structural panels. The methodology uses the com-
plete non-linear stress–strain relations for a lamina in shear and in transverse tension/compression in the
principal material orthotropic directions as input, along with readily available lamina level elastic properties.
Using only these (a minimum number) as inputs, progressive failure and damage growth in two types of lam-
inated structural panels, loaded under a pre-dominantly compression loading have been simulated. In partic-
ular by modeling the physics of the kink banding process responsible for limiting the lamina axial compression
strength, the maximum load sustained by the panels and the subsequent damage evolution have been captured
accurately. The notion of a ﬁxed compression strength has been disbanded, instead the in situ compression
strength of a lamina is determined as a part of the solution process, and as a function of loading history.
The success of the present PFA methodology is encouraging and points the way for extending the methodol-
ogy to analyze other structural conﬁgurations.
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